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ABSTRACT' An ultrasonic laboraLory method for oatabli_hin 0

the rate at which olastla waves are propa0ated in a number

of carbonaceou_ rocks (mainly limestone_), as well as in

some _i]icoous rocks, is dlscumm)d. The relationship between
v,_locity and physical and chemical chnractoristics of these

rocks is explained. Furtho.r ros_,arch is required in order to

oxpl, ain the prlnciplos under].ying the difference between

ro.sults obtained in the laboratory and those obtained under
field conditions.

Fundamental Measurement Principles _85 *

We made our measurements wiJ_h-an ultrasonic instrument. The essence of the

measurement method is the determination of the resonance frequency in a rock

section of known thickness by means of oscillations of known frequency. The

rate of propagation of the oscillation can be calculated from the resonant "_,

frequency and the section thickness. This can be done in practice by placing _86

the _ock section on a quartz crystal which is then excited by an oscillator.

The oscillations of the quartz crystal penetrate continuously into the rock

specimen and are reflected from its opposite surface. By changing the frequency

of the quartz crystal with the oscillator, we can reach the point whet,, the fre-

quency entering the rock section, and the natural frequency of the rock specimen

are in resonance. Resonance is indicated by a sudden increase in energy, which

can be observed on a microammeter_ or acoustically, or perhaps simultaneously,

using both methods.

The base frequency, tha+ is, the minimum frequency at which this resonance

will appear is proportional to the rate of propagation of audio oscillations in

the specimen, and is inversely proportional to the double thickness of the

speclmen.

Resonance also appears at the upper harmonics of the base frequency. The
(

base frequency can, therefore, be determined from the differences in the frequency

• Numbers in the margin indicate pagination in the foreign text. 1
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values of the resonant peaks of the upper harmonics that follow each other.

On the basts of £he foregoing the numerical value of the velocity

V = 2d.6f

where d is tht_ rock section thickness, 6£ is th¢+ frequency difference between

adjacent resonant frequencies.

No corroctlons wore incorporated in the w, locity calculation. Measurements

made uslnfl aluminum to,st spoclmons m¢_aaurin(! 30 x 29, (3 x /iS, 30 x29, 8 x 59,

and 30 x B9 and 7 x I(]O mm showed thf_t dovlatlons of the scope indicatc,d g+,om¢_ir:i.c

dlmonsi.ons cause, no mor¢_ than a _ chnnflo in velocity. The nat.uro of thf, findings

was such that this can b+, ignored. Tim dim_ns-!mn_ el. the _pecimenm used £or tao

measurcment_ did not; differ :from each other to the (,xtout cit:(,d.

Practical Measu_(_cnts

Measurements were made using specimens cut from the rock. The specimens

were made up into sections with two parallel planes. Where rock stratification

was obvious in the rock sample, the section was cut parallel with this stratifi-

cation. Section thickness generally varied between 6 and IS mm] area was approx-

imately /_O x _O mm. The sides of the samples were not finished, that is, they

had an irregular fracture. The cut specimens were ground because contact I ; "een

quartz crystal and specimen surfaces has an effect on the amount of energy _,I:_t

penetrates the specimen. Smoothness of the polished surface is necessary for

reflection of energy. Energy is scattered when reflected from a rough surface,

so resonance cannot develop. Contact between crystal and specimen is improved

by a thin layer of vaseline.

Measurements were made in the 0.65 to 2.O MHz range. This corresponds to

a wave length between 0°009 and 0.003 m at a velocity of 6000 m/s. The diameter

of the surface of the excited quartz crystal used for the measurements was 35 mm,

so specimen si_e was of this order of magnitude. Resonance was observed simul-

taneously with a milliammeter and acoustically. Specimen thickness was measured

with calipers accurate to within 1/20 mm.

I- v .- +
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Sources of Errors in Measurement /_87

The results of the) measurements are influenced by the degree of contact

between the specimen and the crystal, the material, used for the contact, the

thickness of the crystal, and the di££_*c_nce between the oxcitin_ frequency and

the natural fr()quoncy of the crystal. Efforts wore made to ke<)p the first two
I

factors constan_ by orindin{! specimen surfaces to the same smoothness, and by

always usin(] vaseline. The same crystal was used for all measurements, and all

moasurement_ w<)r<) made in the sam<) frequency ranHo, so these can hc i,qnorod as

sources of error hi;cause the systematic error they cause is within the limits of

accuracy for informative type measurements.

Most errors were found to result from non-parallelism o1' th,, rock surf.ac<.,s,

by inaccuracy in measuring! thickness, and by inaccuracy in readinfl the resonant<,

peal_s.

Non-parallelism of surfaces used .for measurements on the one: hand hampers

the development of resonance (and above a certain limit makes measurement

impossible), and on the other makes the thickness measurement less certain.

Accurate reading of the frequencies of resonant peaks is made difficult by

the flat, indistinct nature of the peaks. The definiteness of resonance is also -,.

influenced by the smoothness of the specimen's reflectin9 surface, lack of homo-

geneity in the surface of discontinuity within the sample, and by individual

rock cha_ acteristics.

The SiO 2 content was in excess of 9% in 229 rock specimens. In the majority

of these, in I/_ specimens, no resonant peak could be observed. The reason for

this may be that the SiO 2 disturbs the homogeneity of limestones, and %hus,

dependin9 how it is distributed, and its amount, disturbs, or even hinders, the

development of resonance. This is also proved by the fact that the mean SiO 2

content for all specimens measured was i_, and the SiO9 content in those spec-

imens that did yield velocity values is only 6_o Sandstones are an extreme case,

in that their granular structure results in resonance being observed in them in

only exceptional cases. In fact) this also happened only when the physical

difference between binding material and grain is small (sandstone cemented with

silicic acid).

)
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mean measurement err_-_or 25 specimens was arrived at by makinH several

determinations (Figure 1). The mean error was 227 m/s. This is per-

measurements of this type.

I lists deviations in individual measurements of thicknass and fre-

they pertain to individual resonant peaks, as well as resultins

Thin table also lists the effect of deviations in individual measure-

they chanse the final rt>sult. Accordinq to the table, the error in

i_ 0.2 mm maximum, but flenera]ly does no% exceed O.] ram.

re_sull:s of measurements made using 9.8 mm and J9.h: mm thick sections

No. he tlpl)or Triassic dolomiti¢: limestone,, th, first llstinfl in th¢>

similar within the maroin of error, and tlmse, tofletheF with tht,

mt;asuroments made usino t:lm aluminum standards mentioned, demonstratt, that

thickness has no effect on the final results.

TABLE I. DEVIATIONS AS A RESULT OF SEVERAL MEASUREMENTS _89

men No, _I_mm dsmm dt-dl h 1'1, h-'lI Fi !

40 9,8 19,4 9,6 0,308 0,155 6050 6000 50
46 8,5 8,3 0,2 0,35 0,34 0,01 5950 5650 300
59 7,9 7,9 0,0 0,38 0,._9 0,01 5000 6170 170

6020 5650 370 •107 9,4 9,4 0,0 0,32 0,$0 0,02
Ill 9,1 9,0 0,1 0,34 0,34 0,00 6200 6120 80
120 9,3 9,2 0,1 0,25 0,30 0,05 4660 5020 860
121 8,8 8,8 0,0 0,35 0,34 0,01 6160 5990 170
162 6,9 6,9 0,0 0,39 0,40 0,01 5380 5520 140
168 10,6 10,7 0,1 0,30 0,31 0,00 6850 6650 300
175 9,5 9,5 0,0 0,31 0,30 0,01 5900 5700 200
176 11,3 11,4 0,1 0,28 0,265 C,t_15 5880 0050 170
178 8,7 8,7 0,0 0,31 0,31 0,00 5400 5400 0
179 6,4 6,5 0,1 0,42 0,48 0,01 5880 5600 2"!0
196 8,6 8,5 0,1 0,36 0,36 0,00 6200 6120 SO
196 10,5 10,5 0,0 0,30 0,30 0,00 6300 6300 0
197 10,5 10,5 0,0 0,30 0,29 0,01 6300 6100 200
198 11,9 12,0 0,1 0,25 0,25 0,00 5950 6000 50
199 8,0 8,1 0,1 0,37 0,35 0,02 6900 6670 230
201 6,1 6,1 0,0 0,45 0,47 0,02 5500 5740 240
202 8,2 8,1 0,1 0,87 0,33 0,04 6070 5350 720

Commas represent decimal points.

procedure used was only approximately 50% useful in finding velocity

the specimens prepared for measurement. In some samples it was the

in others the SiO_ content, that made it impossible to observe

or if observed, only very weakly. Yet there were specimens the poros-

SiO9 content of which were so slight that thls could not be the reason

_-'_--_- _ -.... ,. - _....... _,_.; _
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Figure I. Standard Deviation in the Velocity Measurements.
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for lack of resonance. In those casos_ tht_measurement failure apparcn'_ly can be

explained by the error source already mentioned, or by some rock cha_actoristic,

but we cannot pinpoint it accurately.

Results

, Wo wore fortunate in rocoJ.ving from the Hungarian State Go.ologtcal Institute

a group of spt_cimons whoso geological ago, density, gravimetric density, porosity,

and _iO 2¢" and CO content worn known (Table 2). (As is customary, chemically

determined ingredients wore _tatod in the oxide form no that SiO 2 actually moans

the total St, and CO_ the total inorganic C, that is, the carbonate conttmt.)

Thl_ ,lade: it possibln to compare the velocity findin_t_ directly with other rock

data. Tim flroup of specim/}t|s wat-_ col].ectod from outcrops.

Mothods of mathomatical statistics wero used to procoss r't_sul.ts, w(: also

tried to illustrate the corrolation between the data obtainod tn various ways by

experiment and comparison and to characterize tlmm with numerical indices. This

was necessax_y-/_cause the correlation was not always evident and statistical

methods can be used to indicate the degree, and the quality, of correlations,

graphically and numerically.

This goal is reached for the most part by making the calculations, or by _90

plotting the correlation coefficient, its square, linear regression, standard

dev_ and, finally, the correlation curve.

The correlation coefficient was calculated through the formula

r_ _xY
n_

x y

where x and y represent the deviations of the individual points from the arith-

metic means, and n is the number of data, _ and _ are obtained using thex y

following equations:

x y n .

The linear regressions were calculated through Y' = b(x - x) + Yo The

correlation of the two variables was made _n terms of the regression of X in

terms to Y, and with the regression of Y in terms of X, that Is_ in terms of two

6
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TABLE 2.

Order Gravi-

No. Rock Aoo Vole- Dons- metric Per- SiO 2 Co 2
ci%_y ity Dona- osity

ity %

19 Rock flour colomitic
limostono Ltassic 5580 2.72 2.5.3 6.98 21..35 31.66

21 Clay rock lime.stone Doooor 1+O60 2.80 2.52 10.OO li_.25 33.67
33 Anhydri_o Lowor Triassic 5530 2.89 2.81 2./_2 2.65 50.75
35 Calcareou_ al.ourito Lowo_ Triassic 5].00 2.69 2.50 7.06 /_3.h9 1_,.1_1
37 l)olomi_c_ Middle Triassic 61_60 2.69 2._I_ 5.50 O.°dO I,.6.92
t_3 l)olomitic limestone Upper Triassic 6026 2.75 2.61t h.OO 1.67. Id)..q_-

!t6 C]om_ly pacl¢od
limo_tanc_ Upper Triassic 5790 _.73 a.6o h.26 o.oo h:3./f:2

_q7 C,l,o_e ly packed

limestone Midd,lo Triassic 5960 2.68 2.53 5.60 O.15 h,2.79
_8 l)olomit,_ Midd:to Triassic 5800 2.8/u: 2.65 6.30 O.13 11:6.60
59 lM]omltie ,lim_stono Lower Triassi(: 6080 2,82 2,67 G,]I7 O,31 It.;],88

86 Closely packed Lower

1£mest.one Crc, taceous 5950 2.76 2.60 _.79 0.82 h:2.38
88 Closely packed fossi- Lower

liferous limestone Cro_.ae_oous 1_370 2.70 2.59 _.37 10.61 37.95
90 Closely packed Lewer

limestone Cretaceous I*_50 2.69 2.51 6,69 5,31 38.79

107 Closely packed

limestone Upper Triassic 6020 2,85 2,52 11,1_0 0,2% /_3,12

108 Closely packed

limestone Middle Triassic 59hO 2,73 2,63 _,OO l,&7 _2,&9

Iii Brecciated limestone Upp_eJc__Triassic 6160 2,70 2,46 8,90 3,30 39,93
120 Closely packed

limestone Dogger 5090 2,70 9..I_8 8,60 1,59 41,78

121 Closely packed

limestone Dogger 6080 2,68 9._ 9,80 1,59 _.22

131 Rock flour flint Middle Triassic /t/_P/92.59 2._O 7.00 81.68 5,_i

161 Closely packed

limestone Middle Triassic 5800 2,90 2,81 3.10 5,59 38,7_

162 Closely packed
limestone Middle Triassic 9h50 2,63 2,5_ 3,80 O,3g &2,61

163 Dolomite Upper Triassic 6520 2.81 2,68 h,60 O,OO &6._9

165 Closely packed

limestone Lower Triassic &850 2.90 2,69 7,20 0.93 &2,13

167 Porou_ dolomite Lower Triassic 61OO °.78 2,58 7,10 O,80 _5.2l_
169 Closely packed

14mestone Lower Triassic 50rio 2.59 2.50 7,30 _,IO 39,62

175 Limestone wlth flint Middle Trlassic 9800 2,78 2,60 6.&7 7.73 39,22

176 Closely packed
limestone Middle Triassic 5960 2,66 2,56 3.75 O,61 I_2.51_

178 Sandy limestone Lower
Cretaceous 5/*00 2,80 2.6/_ 5,71 19,27 33.26

7



strai0ht file,s. The an01e form(,d by tnt, two straight lln_.s also-shows tht: deflreo /91

of correlation. If r = I, the two rc_l_ession lines coincide.

Of course, this characterization is ecru accurat_ and more reliable_ tile

more data used. It is possible therefore that the results can change in time wltl_

_he increase in the availability of data. Yet, as a first approximation the

following may serve as good support for w_Yat follows.

We had already measured the velocity in _I rocks of the Triassie_ 7 rocks of

the Jurassic, and 10 rocks of the Cretaceous period. Fi@ure _ shows the relation-

ship between measured velocities and _eolo_ic age. Here we have attempted to make

as accurate a desi_natlon of the a_e of individual specimens as possible Values I• !

placed at the bottom of the Triassic area ape those of Lower Triassic rocks, with !

the dots in the center, and at the top of the area those for velocity values

observed in Middle Triassic and Upper Triassic specimens, respectively.

As will be seen I most velocity values are in the 5000-6900 m/s range° This

is so for Triassic, as well as for Jurassic and Cretaceous speclmens. Note that

the dots are distrlbutud suemlngly at random, su0_estino_ on the basis of the plot

in the figure, that velocities apparently are independent of oeoloolc age. This

__t,:..._--_ .......... _-_ __,: .......:- -s,"-_. - ............ -- "'_'- " •7--_-.c...,_ ....... ._ " • _ ]-7J

o%.' ..... '_ ' " ' ':' _. ,,'_ .d .... . .c7_"" ........ ._C' .... , , .:' ,, < "
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Figure 3. Velocity/density•

tt

1971010819-TSC01



15



Fi gure _. Velocity/porosity.
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The specimens examined wore carbonate sedimentary rocks for the most part. /98

The SiC 2 content demonstrated chemically is probably of colloidal dispersion

because of the pelagic facies of the rocks. We also examined the correlation

between velocity and SiC 2 content (Fiwure 6). The SiC 2 content was under 2_ in

the majority of the specimens. The number of plots with a larger siliclc acid
I

content is too small for an evaluation. We therefore made %hr_ plots using a semi-

logarithmic coordinate system. Since the distribution is uneven, the statistical

indices are not chal-acteristic. We therefore plotted only that correlation curve

that unequivocally shows the correlation tendency.

The carbonate content, expressed in COp, in the sp#,cimons is charact(,rlstlc

of the chemical purity of limestones, dolomites. Investigatlng th(_ corrolatlon

between veloelty and carbonate content (Figure 7), we so,, that velocity increases

with increase in COp content. Therefore, velocity alss is a function of the

che_urlty of rocks. It is interesting that among the correlations studied

the nexus is the closest between velocity and CO B content, as is proved by the

data contained in Figure 7.

We compared the in-situ propagation velocities determined by refraction field

seismometry with laboratory measurements of velocities in specimens obtained from

the appropriate area (Table 3).

But the comparison is only an outline because the origin of the specimens is /_.99

not exactly identical with the measurement site. The gaps in the table indicate

where it would be necessary to make additional refraction measurements and l_b-

oratory determinations of velocities in rocks in order to obtain complete know-

ledge of the country.

Comparing the velocity data obtained in the field with those obtained in the

laboratory, it is noteworthy that laboratory investigations generally yielded

values larger by 800 to IOOO m/s than did field measurements. This is the more

striking because all specimens were of the surface variety whereas refraction

velocities indicate velocity in the total rock, which is at depth, under pressure.

We are not yet sure of the cause of the discrepancy, but several causes can be

suggested. One is that small specimens are more compact, more homogenous, than

in-sltu rocks. Only pieces of fresh rock were collected. Or it is possible that

when iong waves are used in refraction measurements the material behaves differently

16
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TABLE 3. FIELD AND LABORATORY PROPAGATION VELOCITY MEASUREMENTS _98
, ,,L .......

Central Matra-

Age Mountain Banony Mecsok Bukk V_llamy

Range Mountain Mountain Mountain Mountain

field Upper _500 4_00_4500I

laboratory Crotaceou_ 54OO-56OO
field Lower

laboratory- _370-4750 6000-6300

field Upper

laboratory 6300
field Middlo-Jurasslc 3700-4800
laboratory 5100-6100

i i

field Middle 2900-3_00

laboratory Low(_r 3080-4200
field Lower 2900-4600
laboratory 36/_)-5640

field Upper 5300-5900 5000

laboratory 61OO-65OO 4/_80-6500 5800-5960
field Middle-Triassic 5P_30-5800

laboratory 5380-6560 5800- 5600
field Lower 4200-5600

laboratory 4850-61OO 6000

than when oscillations have s_t periods. If this is so the method distorts the _99

results, and the coefficient of harmonic distortion must be determined by further

experimentation. Finally, the cause of the discrepancy can also be that the

velocities listed in the table for rock groups of individual ages are related

to a rock Group of Given age, rather than to a single rock. Our laboratory

measurements established the velocity in a specimen derived from single components

of layer groups that do not necessarily coincide with the refracting layer.

Finally, let us compare our findings w£th some of the data in the litera-

ture on the subject. L. Peselnick and I. Zietz made measurements using three

compact, homogenous, fine-Grained limestones. The density of their No. 1 specimen

was 2.72 g/cm3, porosity 0.01% (grain size in the base material 18 microns), and

the rate of propagation of longitudinal waves was 61OO m/s. Their No. 2 specimen

had a density of 2.59 g/cm 3, a porosity of 2.86% (grain size 9 microns), and the

measured velocity was 5600 m/s. Finally, their No. 3 specimen had a density of
%

17
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2.71 g/cm 3 a porosity of O.O%, and a rnte of propagation of 6300 m/s. The above

findings are in good concordance with ours, although the methods employed by theme

authors were considerably different than ours.

C. W. Oliphant has a]ao made velocity dnterminations of rocks in drill cores.

: He also studied the effect of moisture, pressure, and temperature on velocity

values. He made the measurements in thin rods, taking care that in the measure-

ment of the vel.ocity of longitudinal waves the lonflth of the specimen was consid-

erably 0rooter than its diameter, lle field tested the limontonos from which the

specim_ns oriot.natod in order to have dir+_ctly comparabln laboratory and field

valu,_.s. The fit_ld moasuromont_ mad, in Nova limestone of the tipper Carbonifo_ou_

period showed a velocity of /_/J:70 to &770 m/_. on t'he basi_ o,t' the ]aboratory

measurements made with the specimens, this layer can be divided into mor_, or leas

clayo.y levels. ThetJo levels yield velociti¢:s between /_,150-t+770 and 6o60-6720 m/s.

Oliphant corro.cted the vcloclty va._.uos for water content, pr¢_,ssure, and temperature.

As will be soon from the findinos, 1;he llmestonc velocities Oliphant obtalnt_l-in

the laboratory are close to the values we obtained. But his results differ from

ours in that his velocity interval, determined by field measurements, coincides

with the velocity range established in the laboratory.

The paper by Kuiper, Van }{yen and Koefoed contains measurements made of /i00

longitudinal and transverse velocities in 19.-30 cm long, and 13 mm thick pure

limestone rock specimens in order to establish the Polsson constant. They

compared their results for specimen :[sity and porosity, and found that velocity

increases with increase in density. The scatter of the velocity values is rela-

tively slight, and they explain this as resulting from the selective purity of

the specimens. The limestone velocities they obtained are lower than ours, but

specimen density too is less. The velocities in specimens with a density between

1.89. and 9..65 g/c_ 3 vary between 9.850 and 5370 m/s. Thus, the discrepancy is

simply one of degree because the specimens we studied were denser and this can

explain the high velocities observed. The correlation between velocity and i

porosity was not so unequivocal as was the correlation between velocity and

density, according to their research.

A further task would be to find answers to the questions that arose during

measurements made in the past, and to examine the characteristics of rock i

18
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